Abstract. In this paper, we study the timing and integer carrier frequency offset (ICFO) estimation problem for dynamic lattice multicarrier transmission (DLMT) system over time-varying Rayleigh fading channel. Firstly, a novel preamble structure based on two constant amplitude zero auto-correlation (CAZAC) sequences is designed for DLMT system. Then, by using the designed dual-CAZAC preamble, a discrete cross ambiguity function (DCAF) based timing and ICFO estimation algorithm is proposed. Simulation results show that the proposed DCAF based timing and ICFO estimation algorithm can mitigate the impact of time-varying multipath Rayleigh fading channel and outperforms traditional estimators on the correct estimation probability performance.
Introduction
The time variations of the channel during one orthogonal frequency division multiplexing (OFDM) symbol duration destroy the orthogonality of different subcarriers, known as inter-carrier interference (ICI). In order to overcome the ICI of OFDM system, several pulse-shaping multi-carrier modulation (MCM) systems were proposed [1] [2] [3] [4] [5] [6] [7] [8] . The pulses in these systems have faster spectral decay and lower sidelobes. Therefore, the pulse-shaping MCM systems are more robust to the carrier frequency offset (CFO) and frequency dispersion.
It is shown that signal transmission through a rectangular lattice is suboptimal for doubly dispersive (DD) channel [9] [10] . Multi-carrier transmission on hexagonal time-frequency lattice with adaptive lattice parameters and prototype pulse is named as dynamic lattice multi-carrier transmission (DLMT) system. In [11] , the authors show that the DLMT system outperforms OFDM system on the SINR performance.
The work in [12] in particular provides a nice overview of methods and uses for computing the cross-ambiguity function (CAF). The works in [13] [14] [15] use the CAF to perform partial or full OFDM synchronization. The authors in [14] propose an integer carrier frequency offset (ICFO) estimation algorithm for OFDM systems with residual timing offset (TO) over frequency selective fading channel. The work in [13] utilizes the cyclostationary autocorrelation function to estimate the second order statistical parameters of the received OFDM symbols. The authors in [15] propose a TO estimation algorithm for MIMO-OFDM system with distributed antenna.
In this paper, we study the TO and ICFO estimation problem for DLMT system over time-varying Rayleigh fading channel. Firstly, a novel preamble structure based on two constant amplitude zero auto-correlation (CAZAC) sequences is designed for DLMT system. Then, by using the designed dual-CAZAC preamble, a DCAF based TO and ICFO estimation algorithm is proposed.
DLMT System Model
denote the discrete prototype pulse with length L ψ , L M ψ > , and M denotes the symbol period. We assume that there are total K DLMT symbols, the transmitted discrete signal can be expressed as [11] [12] [13] .
where
The transmitted discrete signal can be expressed in matrix form as
where K 1 denotes the 1 K × all-one vector. Delay matrix kM Ξ can be expressed as
, 
where ,0
, , ,
denote the transmitted data symbol vector corresponding to the even subcarriers and odd subcarriers of the kth frequency domain DLMT symbol, respectively. , k l X denotes the data symbol transmitted on the lattice point (k, l), i.e., kth symbol and lth subcarrier, and is assumed to be independent and identically distributed (i.i.d.) with zero mean and average power 2 X σ ; k ∈ K and l ∈ L are the position indices in the T-F plane; K and L denote the sets from which k, l can be taken, with cardinality K and L, respectively. ( )
, and h can be expressed as
where h l n h denotes the time-varying impulse response of the l h -th path at time n. Since the delay
Hence, we can recover the kth time domain signal vector from r, that is
The recovered even subcarriers and odd subcarriers of the kth frequency domain DLMT symbol can be expressed as
and
respectively. ( ) * ⋅ denotes the complex conjugate operation.
Proposed Dual-CAZAC Preamble Structure
The proposed preamble is composed of two CAZAC sequences 1 Q and 2 Q in the frequency domain.
denotes the length of training sequence. These two CAZAC sequences have different parameters r 1 and r 2 . The designed training sequence
The transmitted discrete signal including the time domain training sequence can be expressed as
DCAF Based Timing and Integer CFO Estimation Algorithm
The received signal with CFO can be expressed as
denotes the CFO matrix and ∆f denotes the normalized CFO. Hence, the received training sequence with TO ∆t can be expressed as
where ( )
Discrete Ambiguity Function and DCAF

Let
( ) ( ) ( )
sequences with length N. The discrete ambiguity function of sequence 1 z can be expressed as ( )
The DCAF between two sequences 1 z and 2 z with length N is defined as follows [15] : 
As indicated in (32), DCAF is a two-dimensional correlation function that shows the response of a waveform 1 z to the signal 2 z with time delay τ and CFO υ . Hence, 
In order to reduce the computational complexity, υ is chosen as 
where (21) we can see that in the DCAF based metric function the TO ∆t is coupled with CFO ∆f, which makes the time and frequency synchronization problem more complicated. Thus, it is of great interest to find new metric to decouple the problem.
Timing Offset Estimation
Since, matrix T *is a Hermite positive semidefinite matrix, that is for any non-zero ( ) h , t τ ∆ = . Based on the Corollary given in [16] (Eq. 3.1.3), we get that the singular value of the matrix ,
is greater than that of the submatrix ,
We assume that the singular value decomposition of matrix t τ * ∆ − h can be expressed as
, then the maximum singular value of matrix
From the above analysis, the inequality (22) can be rewritten as
where T *can be expressed as ( ) 
To improve the robustness of timing synchronization, we can change the metric as 
where 
where Γ is the set of preset possible TOs. For example, Γ can be set as
. Hence, the number of elements in the set Γ is N τ .
Simulation Results
In this section, we test the proposed DCAF based timing and ICFO estimation approach for DLMT system via computer simulations based on the discrete signal model. In the following simulations, the number of subcarriers for DLMT system is N = 40, and the length of prototype pulse is L ψ = 600. The center carrier frequency is F c = 5GHz and the sampling interval is set to T s = 10 −6 s. The system parameters of DLMT system are F = 25kHz and T = 1 × 10 −4 . WSSUS channel is chosen as DD channel with exponential power delay profile and U-shape Doppler spectrum. The maximum multipath delay spread is set to 17×10 −6 s. The probability of correct TO estimation achieved by the proposed DCAF based TO estimator at speed v = 300 km/h is given in Figure 1 . The proposed algorithm is compared with the TO synchronization scheme proposed for MIMO system (CAF-MIMO) [15] . We can see that the proposed DCAF based TO estimator obtains reliable estimation performance when SNR is greater than 4 dB and the performance increases with the increasing of the number of weighted factors N υ . Moreover, the DCAF-based algorithm is significantly better than CAF-MIMO [15] scheme.
The correct estimation probability of the proposed DCAF based ICFO estimator at speed v = 300km/h is given in Figure 2 . We can see that the proposed DCAF based integer CFO estimator can obtain reliable estimation performance when SNR is greater than 4 dB and the performance increases with the increasing of the number of weighted factors N τ . Simulation results show that, the DCAF-based algorithm is significantly better than ICFO-RTO scheme [14] . 
Conclusion
In this paper, we study the ICFO estimation problem for DLMT system over time-varying Rayleigh fading channel. Firstly, a dual-CAZAC preamble structure is designed for DLMT system. Then, by using the designed dual-CAZAC preamble, a DCAF based timing and ICFO estimation algorithm is proposed. Simulation results show that the proposed DCAF based estimator outperforms traditional estimator on the correct estimation probability performance.
